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Abstract: 1 9
Pseudomonas syringae pv. actinidiae (Psa) Biovar 3, a virulent, canker-inducing pathogen is an 2 0 economic threat to the kiwifruit (Actinidia spp.) industry worldwide. The commercially grown 2 1 diploid (2x) A. chinensis var. chinensis is more susceptible to Psa than tetraploid and hexaploid 2 2 kiwifruit. However information on the genetic loci modulating Psa resistance in kiwifruit is not 2 3 available. Here we report mapping of quantitative trait loci (QTLs) regulating tolerance to Psa in 2 4 a diploid kiwifruit population, derived from a cross between an elite Psa-susceptible 'Hort16A' 2 5 and a tolerant male breeding parent P1. Using high-density genetic maps and intensive 2 6
phenotyping, we identified a single QTL for Psa tolerance on Linkage Group (LG) 27 of 2 7 'Hort16A' revealing 16-19% phenotypic variance and candidate alleles for susceptibility and 2 8 tolerance at this loci. In addition, six minor QTLs were identified in P1 on distinct LGs, exerting 2 9
Introduction
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Pseudomonas syringae is a hemi-biotrophic bacterial complex 1 that can infect a range of plant 3 9 species. It comprises pathovars which cause similar symptoms on their host plants and several 4 0 pathovars can lead to severe crop loss. P. syringae pv. actinidiae (Psa) infects several species of 4 1 Actinidia (kiwifruit) 2,3 and virulent Psa strains induce a range of symptoms on the main stem of 4 2 the vine, foliage, floral buds and fruits 4 . Psa pathovar's strains can be grouped into five biovars 4 3 based on their genetic and biological characteristics 4, 5 . Strains of biovar 3, previously called 4 4
Psa-V (referred to here as Psa), are currently the most aggressive and were responsible for 4 5
outbreaks from the year 2008 [6] [7] [8] [9] . Psa has cost the kiwifruit industry billions of dollars worldwide 4 6 and its incursion in New Zealand in 2010 completely destroyed vines of the Psa-susceptible 4 7 diploid A. chinensis 'Hort16A' 4, 8, 10 . infections and symptoms in Actinidia species emerged from Japan, China, Korea and Italy from 5 2 1984 to 1994 2, 3, 13, 14, 16, 17, 19 . The symptoms include cankers on trunk and leaders, cane death and 5 3 stem collapse, discharge of red and milky exudates (ooze) from cankers, canes and abaxial leaf 5 4 surfaces, tip browning, angular leaf necrosis (sometimes with chlorotic halos), shoot and leaf 5 5 wilt, bud browning and flower blight. Strains of Psa infect Actinidia species with varying degrees 5 6 of virulence, indicating a classical host-pathogen evolutionary relationship 5, 9, [20] [21] [22] [23] [24] .
7
Screening of thousands of Actinidia genotypes from 24 taxa in the breeding program at The New 5 8
Zealand Institute for Plant & Food Research Limited (PFR) for tolerance to natural and artificial 5 9
Psa infections 25, 26 revealed that diploid (2x) A. chinensis var. chinensis are more susceptible to 6 0 Psa infection than tetraploid (4x) A. chinensis var. chinensis, which in turn are more susceptible 6 1 than diploid and hexaploid (6x) A. chinensis var. deliciosa [25] [26] [27] . Many species outside the A. 6 2 chinensis complex are more tolerant to Psa than A. chinensis and the germplasm holds diverse 6 3 genetic potential for Psa tolerance 28 . Information on the genetic markers and molecular 6 4 mechanisms associated with Psa tolerance and resistance in the commercial cultivars producing 6 5 taxas including A. chinensis, A. deliciosa and A. arguta is however limited. In this study we 6 6 provide the first detailed view of the genetic loci modulating Psa tolerance and tissue-specific 6 7 response in diploid A. chinensis, utilizing an intensively phenotyped population of seedlings 6 8 developed from a cross between Psa-susceptible 'Hort16A' and a tolerant breeding parent (P1), 6 9 as our experimental material for quantitative trait locus (QTL) analysis. 7 0
Results
1
Intensive phenotyping targets diverse developmental stages and environmental conditions 7 2
Initially, a pilot population of 53 genotypes from 'Hort16A' × P1 were replicated 3 times and 7 3 phenotyped following natural field infection with Psa. The response to Psa infection in the 7 4 expanded population was measured on 236 genotypes of 'Hort16A'×P1 population, which were 7 5 clonally replicated ~30 times. Phenotyping of the population was performed under field 7 6
conditions following natural infection as well as using two bioassays (scheme for phenotyping is 7 7 laid out in Supplementary Fig.1a ). Multiple phenotypes were recorded in field to 7 8 develop a combined score referred to as Psa_score_Field (Fig. 2a) . The mean clonal repeatability 7 9
for this score was 0.65, while the repeatability of clonal means at 0. Psa_score_Stab was also calculated (Fig. 2b ) from all phenotypes assessed in the Stab assay (see 8 4
Experimental Procedures). In the flood bioassay, adapted from 29 , overall health was scored at 8 5 weekly intervals post-inoculation (Flood Assay/FA_Week1 to FA_Week5) (Fig. 1l ). The 8 6 frequency distribution of phenotypes and Psa_scores revealed that most exhibited non-Normal 8 7 and P1 respectively (Supplementary Fig. 2 and 3 ) using Red5 31 and Hongyang 32 as reference 1 0 0 genomes. The maps for 'Hort16A' and P1 encompassed a total genetic distance of 3,499 cM and 1 0 1 3,875 cM, respectively, with an average density of 1 marker/ 2cM for both parents. All predicted 1 0 2 29
LGs were constructed for 'Hort16A'; however some were fragmented in P1 (LGs 3, 16, 19, 1 0 3 23, 25, 27) . 1 0 4 QTL mapping from field phenotype scores confirmed oligogenic nature of Psa field 1 0 5 tolerance 1 0 6
A QTL for control of field tolerance to Psa, Psa_score_Field, was identified in 'Hort16A' on the 1 0 7 upper arm of LG27 ( Fig. 3a ) using multiple models for QTL discovery. At a LOD score of 7.02 1 0 8 (Fig. 3a) , the location of the LG27 QTL on the Red5 genome (version 1.69.0) 33 is between ~3.4 1 0 9 to 4.6 Mbp. The LG27 QTL was also identified for Psa_score-Field, in 'Hort16A' from the pilot (Fig. 3g ), compared to the other 408 1 1 6 bp allele u which is associated with susceptibility. 1 1 7
Using interval mapping and KW analysis, six QTLs were identified in P1, for Psa_score_Field 1 1 8
indicating Psa tolerance is multigenic in P1. A single QTL with LOD score above 3 was located 1 1 9 on the upper arm of LG22 (Fig. 3b) , while three additional QTLs on LGs 3.1, 15 and 24 1 2 0 ( Supplementary Fig. 4 ), as well as two KW QTLs on LG14 (S14_5310060, K value > 9, P < 1 2 1 0.0001) and LG28 (S28_1476180, K value > 7, P < 0.0001). From these, the effect of favorable 1 2 2 grandparent alleles from P1 on field tolerance was verified from at least 3 QTLs i.e., by analysis 1 2 3
of an SSR marker designed in the region underlying the LG22 QTL (SSRLG22_8032664) (Fig  1  2  4 3g and Supplementary Table1), a SNP marker E6P3 designed in a putative cell wall protein 1 2 5 encoding gene Acc15766 within the LG14 QTL ( Supplementary Fig. 5 , Supplementary Table 1 ), 1 2 6 and the LG28 QTL (SSRLG28_1378F5R5) ( Supplementary Fig. 5 ). Screening of 1 2 7 SSRLG27_439F4R4 in another set of field-grown 'Hort16A' × P1 progeny confirmed 1 2 8 association of the v allele with tolerance ( Supplementary Fig. 6a ). Supplementary Fig. 7 ). 1 3 2
Since the QTL identified in 'Hort16A' has the highest effect, we predicted that this locus could 1 3 3 be linked to susceptibility observed in diploid kiwifruit breeding parents. For this purpose, we 1 3 4 performed validation of the LG27 QTL in another field grown A. chinensis population, derived 1 3 5 from two Psa-susceptible parents'Hort22D' and P2, using SSRLG27_439F5R5 located ~3 kb 1 3 6 distant from SSRLG27_439F4R4. Data revealed that the 430/432 bp allele linked in cis with the 1 3 7 previously described allele v was associated with tolerance in this population and was present in 1 3 8 both parents, while the 440 bp allele z (size 440 bp) was linked to susceptibility and present in 1 3 9 'Hort22D' ( Supplementary Fig. 6b ). Red5 markers begin with S, whereas markers generated from 'Hongyang' begin with HY, 4 5 6 followed by the number of the linkage group and the position of the marker on the respective 4 5 7 physical genome (for example S1_10661198 or HY10_1385907). The SNP data were 4 5 8 subsequently filtered to obtain 9,875 and 9,327 SNP markers polymorphic between 'Hort16A' 4 5 9 and P1, respectively (3,364 for P1 in pilot study Total RNA was extracted from healthy young leaves, at the sixth to ninth position from the 4 6 6 apical leaf, from genotypes in the field that were segregated into three groups based on 4 6 7 susceptibility to Psa. The first two groups were of two-year-old plants that were defined 4 6 8 respectively as: 1) tolerant/medium tolerant (Psa-TMT), consisting of three relatively Psa-4 6 9 tolerant genotypes, including P1, and 2) susceptible (Psa-Sus), comprising three fully Psa-4 7 0 susceptible genotypes including 'Hort16A' based on observations of 8 to 11 biological 4 7 1
replicates. I declare that the authors have no competing interests as defined by Nature Research, or other 5 3 0
interests that might be perceived to influence the results and/or discussion reported in this paper. 5 3 1 Sus and Psa-FT vs Psa-Sus respectively. e) shows volcano plots for the DE, with significantly 5 6 6 (Padj <0.01/log 10 padj, logfold2) upregulated and downregulated genes highlighted in red and 5 6 7 blue respectively in the two comparisons, Psa-TMT vs Psa-Sus and Psa-FT vs Psa-Sus. The grey 5 6 8 dots indicate non-significantly expressed genes, whereas the green dots highlight the genes that 5 6 9 are differentially expressed in common between Psa-TMT vs Psa-Sus and Psa-FT vs Psa-Sus. f) 5 7 0
Figure Legends
shows the DE genes in common or unique, respectively, between Psa-TMT vs Psa-Sus and Psa-5 7 1
FT vs Psa-Sus. expressed genes (DEGs) with logFC +2 and above in fully tolerant (Psa-FT) vs susceptible (Psa-5 7 6
Sus) and tolerant to medium tolerant (PsaTMT) vs Psa-Sus genotypes, respectively. On track A, 5 7 7 blue circles are upregulated and red circles are downregulated genes in Psa-FT compared to Psa-5 7 8
Sus genotypes. On track B, blue circles are downregulated and red circles are upregulated genes 5 7 9
in Psa-TMT compared to Psa-Sus genotypes. Genes with logFC, between 1 and - T h e P l a n t C e l l 
e t a l . 
